Although the specific purpose of adult neurogenesis is not entirely clear, there is evidence that it has major roles in adult neuroplasti city 1,2 . Ablating aNSCs through genetic manipulation in mice or by focal irradiation leads to deficits in hippocampusdependent learn ing tasks [3] [4] [5] [6] [7] [8] . Conversely, treatments that can enhance neurogenesis have a positive impact on hippocampusdependent learning 9, 10 . Both hippocampal neurogenesis and learning in adults are altered in several pathological conditions 1,2 , but the involvement of adult neurogenesis in human intellectual disability, a deficiency of learning and memory, remains elusive. FXS, the most common form of inherited intellectual disability, is caused by the functional loss of FMRP 11 . Individuals with FXS have an array of deficits, including impaired cognition and learn ing, but their overall brain morphology shows only subtle changes 12 . Although Fmrpnull (Fmr1knockout) mice perform relatively well in standard learning tests [13] [14] [15] , they show profound deficits in difficult association tasks 16 , particularly the hippocampusdependent trace conditioning task 17, 18 . Fmrp is enriched in neurons, so the learn ing deficits of people with FXS and Fmrpdeficient mice are widely believed to result from a deficiency in the synaptic plasticity of mature neurons [19] [20] [21] . Fmrp regulates the fate of aNSCs, and the loss of func tional Fmrp leads to impaired adult hippocampal neurogenesis 22 . However, whether the regulation of adult neurogenesis by Fmrp has any functional role in learning remains unknown.
a r t i c l e s
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FXS, the most common form of inherited intellectual disability, is caused by the functional loss of FMRP 11 . Individuals with FXS have an array of deficits, including impaired cognition and learn ing, but their overall brain morphology shows only subtle changes 12 . Although Fmrpnull (Fmr1knockout) mice perform relatively well in standard learning tests [13] [14] [15] , they show profound deficits in difficult association tasks 16 , particularly the hippocampusdependent trace conditioning task 17, 18 . Fmrp is enriched in neurons, so the learn ing deficits of people with FXS and Fmrpdeficient mice are widely believed to result from a deficiency in the synaptic plasticity of mature neurons [19] [20] [21] . Fmrp regulates the fate of aNSCs, and the loss of func tional Fmrp leads to impaired adult hippocampal neurogenesis 22 . However, whether the regulation of adult neurogenesis by Fmrp has any functional role in learning remains unknown.
Here we tested the hypothesis that Fmrp has a major role in adult neurogenesis and therefore in hippocampusdependent learning. Using inducible conditional Fmrp deletion and restoration mouse lines, we show that selective deletion of Fmrp from aNSCs leads to impaired performance on two hippocampusdependent learning tasks. Conversely, restoration of Fmrp specifically in aNSCs rescues these learning deficits in Fmrpdeficient mice. Therefore, our data offer direct evidence that adult neurogenesis has a crucial role in hippocampusdependent learning and reveal that defective adult neurogenesis contributes to the learning impairment in FXS. These learning deficits can be rectified by specific restoration of Fmrp in aNSCs of adult Fmrpnull brains, which may lead to new therapeutic interventions for FXS.
RESULTS

Deletion of Fmrp from aNSCs alters hippocampal neurogenesis
To achieve targeted deletion of Fmrp specifically in aNSCs, we gener ated inducible Fmrp conditional knockout (cKO;Cre;YFP) mice by crossing Fmrp-conditional knockout mice 23 with inducible nestin promoter (Nes)driven Cre transgenic driver mice and ROSA26-YFP reporter mice (Supplementary Fig. 1 ) 24 . Tamoxifen injection leads to efficient Cremediated recombination at LoxP sites in nestin + cells 25 . The male littermates without the FmrpcKO allele (Cre;YFP) served as 'wildtype' controls. (See Online Methods for details on the mice.)
One day after tamoxifen injection, we found yellow fluores cent protein-positive (YFP + ) cells in the dentate gyrus of both cKO;Cre;YFP and Cre;YFP control adult mice; there were more YFP + cells at 56 d after injections, indicating efficient Cremediated recombination ( Fig. 1 and Supplementary Fig. 2 ). Fmrp expression a r t i c l e s was undetectable in the YFP + glial fibrillary acidic protein (GFAP) + type 1 radial glia-like aNSCs at 1 d after tamoxifen injection (Fig. 1a) and remained absent at 56 d (Supplementary Fig. 2a-c) in the cKO;Cre;YFP mice compared to Cre;YFP control mice ( Fig. 1b and  Supplementary Fig. 2d ). Moreover, Fmrp was undetectable in both the YFP + doublecortin (DCX) + immature neurons ( Supplementary  Fig. 2e ) and the YFP + NeuN + mature neurons (Fig. 1c ) of cKO;Cre;YFP mice compared to Cre;YFP control mice ( Fig. 1d and Supplementary  Fig. 2f ). Therefore, injection of tamoxifen led to specific deletion of Fmrp in aNSCs and in their progeny.
To determine the effects of Fmrp ablation from nestinexpressing cells on neurogenesis in the adult dentate gyrus, we assessed the number of YFP + cells and their phenotypes in cKO;Cre;YFP mice compared with Cre;YFP control mice at 1, 14, 21, 28 and 56 d after tamoxifen injection ( Supplementary Fig. 3a) , representing key developmental stages of new dentate gyrus neurons in the adult 1 . The cKO;Cre;YFP mice had a significantly lower number of YFP + cells in general (from day 1 until day 56, although mostly after day 14) compared to Cre;YFP control mice ( Fig. 1e,f ; genotype F 1,40 = 15.2, P < 0.0001). Although the number of YFP + cells in the dentate gyrus of Cre;YFP control mice showed a continuous increase from 1 to 56 d after tamoxifen injection, the number of YFP + cells in cKO;Cre;YFP mice decreased initially until 14 d after tamoxifen injection before increasing ( Fig. 1f ; genotype and day considered in the analysis, F 4,40 = 6.68, P < 0.0001). This reduc tion in the number of YFP + cells did not affect the overall volume of the dentate gyrus ( Supplementary Fig. 3b,c) and was not a result of increased apoptosis of YFP + cells (Supplementary Fig. 3d-f) , as deter mined 56 d after tamoxifen injection. Therefore, although more aNSCs were generated in the absence of Fmrp, fewer of these cells survived beyond 14 d after tamoxifen injection (Fig. 1f) .
We next performed fate mapping of YFP + cells in the subgranular zone ( Fig. 2a-d) . We used GFAP and S100β calciumbinding protein to distinguish the type 1 radial glialike aNSCs (GFAP + S100β − ) from astrocytes (GFAP + S100β + ) 26 . At 1 and 7 d after tamoxifen injection, there was no difference in the number of GFAP + S100β − aNSCs between genotypes (Fig. 2e) . However, starting from 14 d after tamoxifen injection, the number of YFP + GFAP + S100β − aNSCs was 21-32% higher in cKO;Cre;YFP mice than in Cre;YFP control mice (Fig. 2f , genotype F 1,40 = 5.6, P = 0.023). Using Ki67 as a marker for proliferating cells, we found that the number of YFP + Ki67 + (DCX − ) immature cells (type 1 aNSCs plus transient amplifying (TAP) cells) was higher in cKO;Cre;YFP mice than in Cre;YFP control mice from 14 d after tamoxifen injection and beyond (Fig. 2g , genotype F 1,40 = 11.99, P = 0.001). Therefore, the deletion of Fmrp from Nestinexpressing aNSCs led to increased production of aNSCs and immature cells, which is consistent with observations in Fmr1knockout mice 22 .
Young neurons in the dentate gyrus begin to express DCX 3 d after leaving the cell cycle. As the neurons become mature, starting from ~2 weeks after leaving the cell cycle, they lose expression of DCX but gain expression of the mature neuronal marker NeuN 1 . Consistent with the literature 25 , we observed that ~20% of DCX + cells were pro liferating (DCX + Ki67 + neuroblasts), but most DCX + cells were post mitotic (DCX + Ki67 − immature neurons). The numbers of neuroblasts ( Fig. 2g ; F 1,40 = 36.1, P < 0.0001), and to a lesser extent of postmitotic young neurons ( Fig. 2h ; F 1,40 = 25.32, P < 0.0001), were lower in cKO;Cre;YFP mice than in Cre;YFP control mice at as early as 7 d after tamoxifen injection. Therefore, reduced proliferation of neuroblasts may underlie the decrease in DCX + cells in cKO;Cre;YFP mice. As new cells needed 3-4 weeks to reach the NeuN + mature stage, the dif ferences between genotypes became significant 28 d after tamoxifen injection (31% reduction) and more profound at 56 d (45% reduc tion; Fig. 2i ; genotype × day F 4,40 = 20.7, P < 0.0001). Furthermore, this reduction in NeuN + neurons contrasted with an increase in the number of S100β + GFAP + astrocytes at day 28 (30% increase) and day 56 (50% increase; Fig. 2j ; genotype × day F 4,40 = 3.5, P = 0.015). The changes in the percentage of each cell lineage among YFP + cells closely resembled the numbers of each cell lineage in the dentate gyrus ( Supplementary Fig. 4) , suggesting that the altered numbers of each lineage type in cKO;Cre;YFP mice largely resulted from the changes in fate specification of YFP + cells. Thus, selective deletion of Fmrp in nestin + cells led to increased proliferation, decreased neuronal dif ferentiation and increased astrocytic differentiation in vivo, consistent with previous findings 22 . These phenotypic changes result from a cellautonomous effect of Fmrp deficiency in aNSCs.
Because Fmrp is known to regulate the maturation and synaptic plasticity of neurons 27 , we analyzed the dendritic morphology of YFP + neurons 56 d after tamoxifen injection (Supplementary Fig. 5a-f) . The YFP + newborn neurons in cKO;Cre;YFP mice showed significant reductions in dendritic complexity, as assessed by Sholl analysis (F 1,38 = 11.967, P = 0.001), total dendritic length (P < 0.05), number of branching points (nodes, P < 0.05) and number of dendritic ends (P < 0.05). Therefore, Fmrp expression in aNSCs is crucial for mul tiple stages of neurogenesis.
Fmrp deletion alters aNSC proliferation and differentiation
To further confirm the cellautonomous function of Fmrp in aNSCs, we isolated aNSCs from the dentate gyrus of FmrpcKO mice (Fmr1 loxP/y ) and wildtype littermates (Fmr1 +/y ). These primary den tate gyrus aNSCs possessed the same essential properties of NSCs as (Supplementary Fig. 5g) . Although FmrpcKO cells without Cre showed no differences in either proliferation (Fig. 3a,b) or differentiation ( Fig. 3c-e) compared with wildtype cells, CreGFP virus-infected FmrpcKO cells showed a 29% increase in BrdU incorporation ( Fig. 3b ; n = 3, P < 0.05), a 40% decrease in neuronal differentiation ( Fig. 3d ; n = 3, P < 0.05) and a 39% increase in astrocyte differentiation ( Fig. 3e ; n = 3, P < 0.05) com pared with virusinfected wildtype cells. These results are consistent with previous findings in Fmr1knockout aNSCs 22 .
Furthermore, compared with virusinfected wildtype aNSCs, Cre GFP virus-infected FmrpcKO aNSCs differentiated into neurons with reduced neurite complexity as assessed by Sholl analysis ( Fig. 3g; WT in the presence of Cre versus FmrpcKO in the presence of Cre F 1,38 = 8.993; P = 0.005), neurite length ( Fig. 3h ; P < 0.05), number of branching nodes ( Fig. 3i ; P < 0.01) and number of ends ( Fig. 3j ; P < 0.05). Therefore, Fmrp has key cellautonomous functions at multiple stages of adult neurogenesis.
Deletion of Fmrp from aNSCs leads to impaired learning
Hippocampal neurogenesis is believed to be involved in hippo campusdependent learning 1,2 . We hypothesized that neurogenesis deficits induced by deletion of Fmrp would have a negative impact on hippocampusdependent learning. As Fmr1knockout mice show defi cits in challenging learning tasks 16 (particularly the trace conditioning task 17, 18 ) that require hippocampal neurogenesis 10, 28 , we decided to use this task to assess learning ( Supplementary Fig. 6a,b) . Fmr1 knockout mice showed significantly less trace learning, as shown by reduced freeze to both the training context ( Fig. 4a; F 1 ,9 = 267, P < 0.001) and to the tone ( Fig. 4b; F 1 ,9 = 92, P < 0.001) compared with wildtype littermates. Then we tested the cKO;Cre;YFP mice 30 d after tamoxifen injection (Supplementary Fig. 6a ). cKO;Cre;YFP mice showed significantly reduced freezing behavior in both the context test ( Fig. 4c; F 1 ,12 = 55, P < 0.001) and tone test ( Fig. 4d; F 1 ,12 = 50, P < 0.001) compared with Cre;YFP control mice. We saw no effect of tamoxifen on these behaviors in WT mice ( Supplementary Fig. 7a,b) .
As adult hippocampal neurogenesis might influence the ability of animals to discriminate between similar stimuli 3,9 , we tested mice in a delayed nonmatchingtoplace radial arm maze (DNMPRAM) task designed to assess hippocampusdependent spatial pattern separation 3 ( Supplementary Fig. 6a,c) . We first confirmed that Fmrp deficiency had no effect on olfaction using a buried food test ( Supplementary  Fig. 7c ). We then tested the performance of Fmr1knockout mice on this DNMPRAM task. Fmr1knockout mice performed significantly worse in both test settings, particularly in separation 2, than wildtype mice ( Fig. 4e; genotype F 1,18 = 12.4, P < 0.002). Similarly, cKO;Cre;YFP mice performed significantly worse in both separation settings than Cre;YFP control littermates ( Fig. 4f; genotype F 1,24 = 6.1, P < 0.0001). In contrast, neither Fmr1knockout mice nor tamoxifeninjected cKO;Cre;YFP mice showed deficits in tasks that do not require hippo campal neurogenesis, such as an olfactory discrimination task for assessing olfactory learning and an object recognition task for assess ing visual shortterm memory (Supplementary Figs. 7d-f and 8a,b) . Although anxiety has been reported in Fmr1knockout mice under certain genetic backgrounds 17, 29, 30 , and this could potentially affect behavioral results, we observed no increased anxiety in either Fmr1 knockout or tamoxifeninjected cKO;Cre;YFP mice ( Supplementary  Fig. 8c,d) . Therefore, selective deletion of Fmrp from aNSCs leads to specific deficits in highly challenging learning tasks that depend on adult hippocampal neurogenesis.
Restoration of Fmrp in aNSCs rescues learning
Next we tested the hypothesis that restoration of Fmrp would rescue neurogenesis by using an Fmrp conditional restoration mouse line (Fmr1 loxP−Neo/y , here called FmrpcON mice). Owing to interfer ence by the inserted Neo gene, these mice express extremely low levels of Fmrp; therefore they are similar to Fmrpnull mice but can express normal amounts of Fmrp after Cremediated deletion of the inserted Neo gene (Supplementary Fig. 1c) . Infection with a CreGFP retrovirus could restore Fmrp expression in aNSCs isolated from FmrpcON mice (Supplementary Fig. 5h ). Without CreGFP virusmediated recombination, FmrpcON aNSCs showed 30% higher proliferation ( Fig. 5a,b ; P < 0.05), 40% less neuronal differentiation ( Fig. 5c,d ; P < 0.05) and 40% more astrocyte differentiation ( Fig. 5c,e ; P < 0.05) than wildtype control aNSCs. Furthermore, these Fmrp cON aNSCs differentiated into neurons with reduced neurite complex ity, as assessed by Sholl analysis (Fig. 5f,g ; wildtype versus FmrpcON F 1,26 = 18.077, P < 0.001), neurite length ( Fig. 5h ; P < 0.05), number of nodes ( Fig. 5i ; P < 0.01) and number of ends ( Fig. 5j ; P < 0.05). Therefore, FmrpcON aNSCs without Cre showed deficits that were similar to those seen in Fmr1knockout aNSCs 22 and Cre virusinfected Fmrp cKO aNSCs (Fig. 3) . Cremediated restoration of Fmrp in aNSCs rescued the proliferation, differentiation and neurite extension deficits of cON cells (Fig. 5b,d,e,g-j) , showing that selec tive restoration of Fmrp expression in aNSCs can rescue the deficits in Fmrpdeficient aNSCs.
We then assessed whether restoration of Fmrp expression speci fically in aNSCs could rescue learning deficits in Fmrpdeficient mice. We generated inducible conditional Fmrp restoration (cON;Cre;YFP) mice by crossing FmrpcON mice with Nes promoter-driven Cre transgenic driver mice and ROSA26-YFP reporter mice 24 . We designed a specific breeding strategy (Supplementary Fig. 1d ) that allowed us to generate cON;Cre;YFP mice together with two essential littermate controls: Cre;YFP mice that expressed functional Fmrp and cON;YFP mice that did not express functional Fmrp, either before or after tamoxifen injection. All mice received tamoxifen injections. At 28 d after tamoxifen injection, Fmrp expression was restored only in Nestin + aNSCs and their subsequent progeny in cON;Cre;YFP mice (Fig. 6a,b) .
We found that cON;YFP mice, without functional Fmrp, showed deficits in both context trace learning ( Fig. 6c; F 1 ,10 = 93, P < 0.0001) and tone trace learning ( Fig. 6d; F 1 ,10 = 85, P < 0.0001). In contrast, the tamoxifeninjected cON;Cre;YFP mice performed significantly better than cON;YFP littermates in both context trace learning ( Fig. 6c ; F 1,10 = 1665, P < 0.0001) and tone trace learning ( Fig. 6d; F 1 ,10 = 88, P < 0.0001). We obtained similar results in DNMPRAM tests (Fig. 6e) . The cON;YFP mice performed poorly in both separation 2 a r t i c l e s and separation 4 tests compared with Cre;YFP control mice ( Fig. 6e genotype P < 0.01), reminiscent of Fmr1knockout mice and cKO;Cre;YFP mice (Fig. 3) . However cON;Cre;YFP mice performed similarly to Cre;YFP controls ( Fig. 6e; t(12) = 0.57, not significant). Therefore, restoration of Fmrp specifically in adult aNSCs and their progeny rescued these two hippocampusdependent learning defi ciencies in Fmrpdeficient mice.
DISCUSSION
In this study we manipulated the intrinsic properties of aNSCs in adult brains both positively and negatively without changing the sur rounding niche cells or causing substantial aNSC death. Our data suggest that the loss of functional FMRP in aNSCs may contribute to the cognitive deficits seen in people with FXS.
Earlier studies have found inconsistent hippocampusdependent learning deficits in Fmr1knockout mice 14, 31, 32 ; however, we saw robust behavioral changes, probably for two reasons. First, we mini mized variability that might affect behavioral tests by using only lit termate males and by performing all tests during the dark cycle, when mice were active. Second, we designed tasks that were more challeng ing than standard tests [16] [17] [18] . Trace conditioning is more sensitive for detecting hippocampal dysfunction 17, 18, [33] [34] [35] than standard delay fear conditioning 14, 31, 32 . The DNMPRAM is also a much more challeng ing task than the standard radial arm maze 3 .
The role of adult neurogenesis in learning and memory has long been debated. One theory is that neurogenesis in the adult dentate gyrus is important for fine spatial distinctions 3, [36] [37] [38] . Our DNMP RAM data support this theory. Another theory proposes that adult neurogenesis is important for the clearance of memories from the hippocampus and into storage in the cortex, thereby maintaining the capacity of the hippocampus for establishing new memories 10, 39, 40 . Although this theory is not addressed directly in our current experi ments, our model lays the groundwork to test it in the future. It is pos sible that these theories underestimate the role of adult neurogenesis in hippocampal function, which becomes more apparent when aNSCs are altered rather than deleted. It has previously been shown that ablation of neurogenesis affects the performance of mice only on dif ficult tasks 3 . Our tamoxifeninjected cKO;Cre;YFP mice with partial reduction of neurogenesis were impaired in both easy and difficult tasks. It is possible that Fmrp deficiency has a more profound negative effect on adult neurogenesis and learning than irradiation. Synaptic competition between old and new neurons is known to occur when newborn neurons form synaptic connections with preexisting bou tons in the dentate gyrus 41 . Newly generated neurons have transiently enhanced synaptic plasticity 42, 43 ; therefore, they may have a strong transient ability to deprive the formation of preexisting synapses. New Fmrpdeficient neurons may therefore form defective synapses and interfere with existing neural networks, thereby disrupting the learn ing of even those easier tasks.
Therefore, Fmrp deficiency in aNSCs might affect adult hippo campusdependent learning in several ways, including reduced pro duction of new dentate gyrus neurons, disruption of hippocampal circuitry by the introduction of abnormal new dentate gyrus neurons, and overproduction of astrocytes due to altered differentiation of aNSCs. Which aspect of the regulation of adult neurogenesis by Fmrp contributes to the learning deficits is the next question that needs to be answered. Although altered embryonic neurogenesis in Fmrpdeficient mice and humans has been reported [44] [45] [46] [47] , the involvement of adult neurogenesis is a previously unrecognized facet in the etiology of FXS that could point to possible new treatments for this disease. Hence, in addition to altered synaptic plasticity of mature neurons, defective neurogenesis in postnatal and adult brains could also contribute to the pathogenesis of intellectual disability in adult humans.
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